Many gastrointestinal pain syndromes are more prevalent in women than men, suggesting a gonadal steroid influence. We characterized the effects of estrogen on two responses to colorectal distention (CRD) in the rat: the visceromotor reflex (vmr) and L6 -S1 dorsal horn neuron activity (ABRUPT and SUSTAINED neurons). Ovariectomized rats were injected with estrogen, and responses to innocuous and noxious intensities of CRD were measured between 4 hr and 14 d after injection and compared with ovariectomized and intact, cycling rats. Plasma estrogen levels were determined at each time point. Ovariectomy significantly decreased the magnitude of the vmr and ABRUPT neuron response to CRD compared with cycling rats. Four and 48 hr after estrogen injection (10 g), the magnitude of the vmr and ABRUPT neuron response returned to the level or greater than that of cycling rats. All responses were comparable with ovariectomized rats by 7 d. These results paralleled the plasma estrogen concentration. Fifty micrograms of estrogen did not further increase the magnitude of the vmr or neuronal response 48 hr after estrogen but did extend the period of the increased ABRUPT neuron response to 14 d. Estrogen did not affect the response of SUSTAINED neurons. In a separate experiment, the response to innocuous CRD was sensitized in estrogen-treated rats but not ovariectomized or cycling rats. The present data suggest that estrogen modulates the spinal cord processing and reflex responses to innocuous and noxious colorectal stimuli in female rats and may contribute to alterations in sensory processing associated with irritable bowel syndrome.
Introduction
A number of chronic pain syndromes are more prevalent in women compared with men, including irritable bowel syndrome (IBS), fibromyalgia, and temporomandibular disorders (Unruh, 1996; Berkley, 1997) . In many cases, the severity of symptoms fluctuate with the menstrual cycle (LeResche et al., 1997; Dao et al., 1998; Kane et al., 1998; Dao and LeResche, 2000; Fillingim and Ness, 2000; Fillingim and Edwards, 2001) , suggesting that gonadal steroid levels impact pain severity. For example, IBS is two to three times more prevalent in women than men, and it has been reported that symptoms can increase perimenstrually (Case and Reid, 1998; Moore et al., 1998; Toner and Akman, 2000) . Pharmacological or surgical ablation of menses reportedly decreases the severity of symptoms (Prior et al., 1992; Mathias et al., 1994) . Acute experimental pain studies in humans also report that threshold and tolerance to experimental pain is modulated across the menstrual cycle (for review, see Riley et al., 1998) or by hormone replacement therapy (Fillingim and Edwards, 2001 ).
Whether the increasing severity of symptoms is attributable to elevated or depressed levels of a particular hormone or the cyclical variation of hormone levels across the menstrual cycle is not clear.
Evidence from animal research also suggests sex differences in visceral and somatic nociceptive processing, but the role of gonadal hormones is controversial. Several studies indicate a negative correlation between endogenous estrogen levels and pain threshold, with sensitivity increasing when estrogen levels are highest or just thereafter (proestrus and estrus). For example, the threshold to evoke a visceromotor reflex or pressor response to colorectal distention (CRD) or to activate uterine and vaginal primary afferents is lowest in proestrus (Robbins et al., 1992; Sapsed-Byrne et al., 1996; Holdcroft et al., 2000) . Similar results were reported after exogenous steroid administration (Forman et al., 1989; Ratka and Simpkins, 1991; Kayser et al., 1996; Bradshaw et al., 2000; Bereiter, 2001) .
However, results to the contrary have also been reported. For example, elevated estrogen levels reportedly increase thresholds to cutaneous stimuli (Martinez-Gomez et al., 1994) and decrease the percentage of escape responses to vaginal canal stimulation (Bradshaw et al., 1999) or uretal calculosis (Giamberardino et al., 1997) . Furthermore, elevated estrogen and progesterone, as occurs during pregnancy, is antinociceptive (Gintzler and Bohan, 1990 ; Dawson-Basoa and Gintzler, 1998) .
Previous studies examining the effects of gonadal hormones on colorectal sensitivity were conducted exclusively in anesthe-tized intact, cycling female animals. In these studies, response thresholds to colorectal stimulation were lowest in proestrusestrus when estrogen and progesterone levels are at their highest (Sapsed-Byrne et al., 1996; Holdcroft et al., 2000) . However, the individual contribution of estrogen or progesterone to changes in colorectal sensitivity are not known. To examine the role of gonadal hormones on visceral sensory processing to innocuous and noxious colorectal stimuli, and identify a locus of action, we tested the effects of ovariectomy and estrogen replacement on two responses to colorectal distention: the visceromotor reflex (vmr) and dorsal horn neuron activity.
Parts of this work have been published previously in abstract form Ji and Traub, 2002b) .
Materials and Methods
Animals. Adult female Sprague Dawley rats (210 -275 gm; Harlan Sprague Dawley, Indianapolis, IN) were used in the present experiment. One group of rats was ovariectomized (OVx) and tested 10 -30 d after the surgery. The other groups were given a single subcutaneous injection of 1, 10, or 50 g of 17-␤-estradiol-3 benzoate dissolved in 100 l of safflower oil (estrogen) at least 10 d after ovariectomy and tested beginning 4 hr, 48 hr, 7 d, or 14 d thereafter. Vehicle control animals were ovariectomized and injected with 100 l of safflower oil 48 hr before testing. Intact, cycling female rats were also tested for comparison. All experimental procedures were approved by the University of Maryland Dental School Animal Care and Use Committee.
Visceromotor reflex. Rats were implanted with electromyogram (EMG) electrodes made from Teflon-coated 32 gauge stainless steel wire (Cooner Wire Company, Chatsworth, CA) in the lateral abdominal wall 3-7 d before the experiment . On the day of the experiment, rats were briefly sedated with halothane to place a 5-7 cm balloon attached to Tygon tubing through the anus into the descending colon and rectum. The distal end of the balloon was at least 1 cm proximal to the external anal sphincter. Rats were loosely restrained and allowed 30 min to recover from the halothane. Colorectal distention was produced by inflating the distention balloon with air. The pressure was monitored and kept constant by a pressure controller-timing device (Bioengineering, University of Iowa, Iowa City, IA). Rats were distended 12 times to 80 mmHg CRD to achieve a stable response after any sensitization (Ness and Gebhart, 1988) . At least two (generally three) graded intensity stimulation trials (20, 40, 60 , and 80 mmHg CRD, 20 sec each, 3 min interstimulus interval) were run to establish a stable baseline response. Each trial was preceded by a distention to 80 then 10 mmHg. The response was considered stable if there was Ͻ20% variability between the last 80 mmHg distention of the last two trials.
The EMG recordings were collected with a CED 1401plus and analyzed using Spike 2 for windows software (Cambridge Electronic Design, Cambridge, UK). The EMG was rectified, and the area under the curve (AUC) for the 20 sec before distention was subtracted from the AUC during the 20 sec distention. The data are expressed as mean Ϯ SEM. Data were analyzed using two-way ANOVA. p Ͻ 0.05 was considered significant.
Sensitization to innocuous CRD. In a separate group of intact, ovariectomized and 50 g estrogen-treated rats, the vmr was measured during twelve 20 mmHg distentions (20 sec duration, 3 min interstimulus interval). These rats were not distended before testing the 20 mmHg stimulus. Rats were subsequently used to measure colonic compliance (see below).
Recording from spinal dorsal horn neurons. Female rats (n ϭ 51) were ovariectomized 10 -30 d before recording. A single injection of estrogen (10 or 50 g) was given 4 hr, 48 hr, 7 d, or 14 d before recording. A separate group of rats were ovariectomized but not injected. Another group of rats remained intact. In one-half of these intact animals, the stage of the estrous cycle was determined by daily vaginal smears. Rats were examined for three 4 d cycles and tested during diestrus 1 or 2. The remaining rats were intact, but the stage of the estrous cycle was not determined.
On the day of the experiment, the rat was anesthetized with pentobarbital sodium (50 mg/kg, i.p). The left jugular vein was catheterized for continuous infusion of pentobarbital sodium at a rate of 5-10 mg ⅐ kg Ϫ1 ⅐ hr Ϫ1 . The left carotid artery was catheterized for continuous arterial blood pressure monitoring and bolus drug administration (pancuronium bromide, 0.2 mg ⅐ kg Ϫ1 ⅐ hr Ϫ1 ). A tracheal cannula was inserted for artificial ventilation (2.5-3 cc stroke volume, 75-80 strokes/ min; adjusted so the mean arterial blood pressure was maintained between 95 and 120 mmHg). The body temperature was kept within physiological limits (36 -38°C) with a heating pad and overhead lamp.
The rat was placed in a head holder and suspended with thoracic vertebral and ishial clamps, and the lower lumbar-upper sacral spinal cord was exposed by laminectomy of the L1-L2 vertebrae. The dura matter was carefully cut, and the spinal cord was bathed in warm paraffin oil. A distention balloon was placed in the descending colon-rectum.
Tungsten microelectrodes (1-2 M⍀; Micro Probe, Potomac, MD) were used for extracellular single-unit recording in the L6 -S1 spinal segments 0 -1 mm lateral to midline, 500 -1300 m ventral to spinal cord dorsum. Signals were amplified (model 1800 AC amplifier; A-M Systems, Carlsborg, WA) and passed through a dual time and voltage window discriminator (DDIS-1; BAK Electronics, Germantown, MD) to isolate a single unit. Data were collected with a CED micro1401 and Spike2 for Windows software on computer for online and offline analysis.
The search stimulus consisted of touch and brief light pinch with serrated forceps on the rump and back area around the tail, the genital area, and the pelvic belly. When a neuron responsive to the above stimuli was identified, the colon was distended for 10 sec at 80 mmHg to test whether the neuron was responsive to CRD. Cells showing excitatory responses to CRD were classified as having a short latency and abrupt cessation of response (ABRUPT neurons) or short latency and sustained response (SUSTAINED neurons) according to their onset latency and duration of response to CRD. After identifying an ABRUPT or SUS-TAINED neuron, at least two graded intensity distention trials (20, 40, 60, and 80 mmHg, each distention lasting for 20 sec with a 3 min interstimulus interval) were run to establish a stable response of the neuron. All distention trials were preceded by a distention to 80 mmHg. The response to distention was quantified as the firing frequency for 20 sec (ABRUPT neurons) or 40 sec (SUSTAINED neurons) after the onset of distention minus spontaneous activity during the 20 or 40 sec before distention. The data are expressed as mean Ϯ SEM. Data were analyzed using two-way ANOVA. p Ͻ 0.05 was considered significant.
Analysis of plasma estrogen concentration. At the end of each experiment, 1-1.5 ml of atrial blood was collected to determine plasma estrogen concentrations. Samples were left at room temperature for 1 hr to allow for clot formation and then centrifuged at 14,000 rpm for 10 min at 24°C. The serum was collected and stored at Ϫ20°C until radioimmunoassays were performed. Radioimmunoassays were conducted at the University of Virginia Core Radioimmunoassay Facility (Charlottesville, VA). All samples were run in duplicate.
Measurement of colonic compliance. In awake animals, the pressure in the distention balloon was measured by increasing the volume in the distention balloon by 0.5 ml increments between 0 and 8.5 ml. This was measured three times in each rat, and the mean pressure at each volume increment was used as the measure for that rat.
Results

Level of plasma estrogen and colon compliance
The plasma estrogen concentration was measured by radioimmunoassay (Fig. 1 A) . A low level of estrogen (0 -15 pg/ml) was detected 10 -30 d after ovariectomy. Estrogen administration (10 or 50 g) significantly increased plasma estrogen levels by 7-10 hr. Plasma estrogen levels remained significantly elevated at 48 hr and returned to OVx levels by 7 d.
Colonic compliance was measured in three ovariectomized rats and three rats treated with 50 g of estrogen for 48 hr. There was no difference in the compliance of the colon in the estrogentreated rats compared with the ovariectomized rats (repeatedmeasures two-Way ANOVA; p ϭ 0.687). The volume-pressure curves were identical (Fig. 1 B) . The linear relationship between the volume and resulting pressure in both groups indicates that the balloon was compliant over this volume range, and the pressure readings reflected the pressure exerted by the colon wall on the balloon.
Visceral motor reflex
To test the hypothesis that gonadal hormones modulate colorectal sensitivity, the magnitude of the visceromotor reflex to innocuous and noxious intensities of CRD was measured. Compared with intact, cycling female rats (n ϭ 14), ovariectomy (n ϭ 26) significantly reduced the magnitude of the vmr over the range of distention intensities tested (23% decrease at 80 mmHg; two-way ANOVA; p Ͻ 0.005) (Fig. 2 A) .
We next examined the effect of exogenous estrogen administration on colorectal sensitivity. Ovariectomized rats received a single bolus injection of 10 g of estrogen, and the vmr to graded intensities of CRD was measured beginning 4 hr (n ϭ 7), 48 hr (n ϭ 17), or 7 d (n ϭ 12) after injection. Compared with ovariectomized rats, estrogen produced a significant facilitation of the vmr (two-way ANOVA; p Ͻ 0.001) (Fig. 2 B) . Measurements from the 4 hr post-estrogen group were made between 4 and 7 hr after injection. At this time point, the magnitude of the vmr was significantly increased (44% at 80 mmHg) compared with ovariectomized rats ( p ϭ 0.007). Forty-eight hours after estrogen injection, the magnitude of the vmr remained significantly elevated compared with ovariectomized rats ( p ϭ 0.002). At 7 d after estrogen injection, the magnitude of the vmr had returned to ovariectomized levels. The time course of estrogen-mediated facilitation of the vmr paralleled the changes in the plasma estrogen level (Fig. 1) .
To determine whether the effect of estrogen was dose dependent, the vmr was measured in ovariectomized rats and 48 hr after injection of safflower oil (n ϭ 7), 1 g (n ϭ 6), 10 g, or 50 g (n ϭ 24) of estrogen. Ten and 50 g of estrogen significantly facilitated the vmr compared with ovariectomized rats (two-way ANOVA; p Ͻ 0.005) (Fig. 2C) , although there was no difference in the magnitude of the vmr between the 10 and 50 g doses ( p ϭ 0.687). One microgram of estrogen had no effect on the magnitude of the vmr compared with ovariectomized rats ( p ϭ 0.650). Likewise, safflower oil alone was without effect ( p ϭ 0.854).
Sensitization to repetitive innocuous CRD
The vmr to repetitive noxious CRD in male rats is facilitated over the first 6 -10 distentions (Ness and Gebhart, 1988) ; in contrast, repetitive innocuous distention does not produce sensitization . Because estrogen increased sensitivity to graded intensities of CRD, we tested the hypothesis that estrogen would increase colorectal sensitivity to repetitive innocuous (20 mmHg) CRD in the absence of any noxious CRD. The rats were not distended before testing. Repetitive innocuous CRD failed to sensitize the vmr in intact female (n ϭ 4) or ovariectomized rats (n ϭ 7) (Fig. 3) . No increase in the magnitude of the vmr over the first 12 distentions to 20 mmHg (repeated-measures ANOVA; p Ͼ 0.8) was noted, although the magnitude of the first distention had a tendency to be higher in the intact rats compared with the ovariectomized rats. In contrast, 48 hr after estrogen (50 g; n ϭ 7), there was a significant increase (200%) in the magnitude of the vmr over 12 distentions (repeated-measures ANOVA; p ϭ 0.022). These results indicate that exogenous estrogen administration increased colorectal sensitivity to repetitive innocuous stimuli.
Single-unit recording
One interpretation of the vmr data are that the site of estrogen modulation of colorectal sensitivity to noxious and innocuous stimuli is in the spinal dorsal horn. Alternatively, estrogen could facilitate the motor component of the reflex without affecting the sensory component and/or modulate supraspinal processing or primary afferent input. To test the hypothesis that the modulation of the vmr was attributable to changes in dorsal horn activity, the response of dorsal horn neurons to graded intensities of CRD (20, 40, 60, and 80 mmHg) was examined and compared between ovariectomized (n ϭ 14 neurons) and intact (n ϭ 22 neurons) female rats. From the intact rats, 11 neurons were recorded from rats in diestrus, and 11 were recorded from rats in which the stage of the estrus cycle was not determined. There was no difference between these two groups, so the data were pooled. In ovariectomized rats, the magnitude of the response of ABRUPT neurons to CRD was significantly less than the response from intact female rats over the range of distention pressures tested (two-way ANOVA; p Ͻ 0.001) (Fig. 4 A) . In contrast, no difference in the magnitude of the response of SUSTAINED neurons was noted between ovariectomized and cycling animals (two-way ANOVA; p ϭ 0.782) (Fig. 4 B) . These data suggest that steroidal modulation of dorsal horn neuronal responses to CRD is not universal but restricted to specific populations of neurons.
To determine whether the response of ABRUPT neurons is estrogen sensitive, the effect of estrogen administration was measured at several time points after injection. Four to 10 hr after estrogen (10 g) injection, the magnitude of the response of ABRUPT neurons (n ϭ 16) to CRD was significantly increased over the range of distention pressures compared with ovariectomized rats ( p Ͻ 0.001) (Fig. 5A) . Forty-eight hours after a 10 g estrogen injection, the magnitude of the response of ABRUPT neurons (n ϭ 17) was still significantly greater than that observed for ovariectomized rats. At this time point, the response was comparable with that in the intact cycling female rats. Seven days after estrogen, the response of ABRUPT neurons (n ϭ 17) returned to the level of ovariectomized rats. The change in response of ABRUPT neurons to CRD paralleled the time course for changes in the plasma estrogen concentration. In addition, the time course for the increase in sensitivity of ABRUPT neurons to CRD paralleled the change in sensitivity observed in the vmr studies. In contrast, except for a transient increase 4 -10 hr after injection, estrogen did not change the magnitude of the response of SUS-TAINED neurons ( p ϭ 0.183) (Fig. 5C) .
The effects of 50 g of estrogen on the response of dorsal horn neurons was also examined (Fig. 5B) . Although 50 g of estrogen significantly increased the response of ABRUPT neurons similar to that observed after a 10 g injection (two-way ANOVA; p Ͻ 0.001), the time course of the effects of the two doses differed. Four to 10 hr after 50 g of estrogen, the magnitude of the response increased (n ϭ 8) but did not peak until 7 d after injection (n ϭ 16). Even 14 d after the estrogen injection (n ϭ 9), the magnitude of the response was similar to that observed at 48 hr (n ϭ 10). Similar to the 10 g estrogen-treated rats, there was no effect of 50 g of estrogen on the response of SUSTAINED neurons (data not shown).
Response to somatic stimulation
The response of CRD-responsive neurons to stimulation in their convergent somatic receptive field was also examined in some neurons. The response of neurons in ovariectomized rats to noxious pinch in the receptive field was 17.1 Ϯ 8.01 Hz (n ϭ 3); at 4 and 48 hr after estrogen injection, the mean response rate was 23.5 Ϯ 5.2 Hz (n ϭ 11) and 25.3 Ϯ 10.5 Hz (n ϭ 7), respectively. Very few neurons were found to respond to somatic stimulation 7 d after estrogen injection, and the response to pinch in responsive neurons was relatively low (7.82 Ϯ 4.17 Hz; n ϭ 3). Overall, there was no significant difference among the four groups (oneway ANOVA; p ϭ 0.603).
Discussion
The present results demonstrate that the magnitude of the visceromotor reflex in awake rats and dorsal horn neuronal responses to CRD in anesthetized rats are significantly lower in ovariectomized rats compared with intact, cycling female rats. In addition, exogenous estrogen replacement produces recovery of these responses. Because estrogen receptors are expressed in dorsal horn neurons (Amandusson et al., 1995; Williams and Papka, 1996) , the increase in the response of dorsal horn neurons induced by estrogen may underlie the observed visceral hypersensitivity.
Is a single injection sufficient to study the effects of estrogen on sensory physiology? The plasma estrogen concentration after a single injection of 17-␤-estradiol mimics some characteristics of the natural fluctuation of estrogen in normal cycling female rats. During the proestrus phase in cycling rats, there is a rapid increase in the plasma estrogen concentration that peaks within 8 -10 hr of entering proestrus. During the subsequent 8 -10 hr, the plasma estrogen decreases to a lower level as the rat enters the estrus phase (Freeman, 1994) . The measurement of the plasma estrogen concentration from our experiment also showed a rapid increase and subsequent, albeit prolonged, decrease in the blood serum level after a single injection of 10 or 50 g of estrogen. This is consistent with previous reports of serum levels after estrogen replacement (Brown-Grant et al., 1970; Dupon and Kim, 1973; Butcher et al., 1974; Priest et al., 1995) and suggests that a single injection of estrogen mimics natural cycling and is appropriate for studying estrogen modulation of pain in the rat (Berglund et al., 1988) .
Estrogen modulates the reflex response to CRD
The present study demonstrates that ovariectomy decreases sensitivity to CRD as measured by the visceromotor reflex. This suggests that gonadal hormones are important for the modulation of some aspects of viscerosensory processing. Previous studies have shown that the threshold for the visceromotor reflex in anesthetized rats varies as a function of the stage of the estrous cycle; response thresholds are lowest in proestrus when estrogen levels are highest (Sapsed-Byrne et al., 1996; Holdcroft et al., 2000) . However, the contribution of progesterone and other associated steroids from intact gonads must also be taken into account. For example, progesterone is reportedly antinociceptive in some pain assays and may act to modulate the algesic effect of estrogen (Drury and Gold, 1978; Medina et al., 1993; DawsonBasoa and Gintzler, 1996; Ren et al., 2000) . In the present study, we isolated the effects of estrogen by ovariectomy, followed by estrogen replacement. Our data show that estrogen replacement increases the magnitude of the vmr in as little as 4 -6 hr and maintains this high level of activity for at least 48 hr, paralleling changes in the plasma estrogen concentration.
It is interesting that a fivefold increase in the dose of estrogen did not result in any difference in the plasma estrogen concentration 48 hr after injection, although both doses significantly increased the serum level compared with ovariectomy. Likewise, there was no difference in the magnitude of the vmr or neuronal responses between the 10 and 50 g groups, but both were greater than responses from ovariectomized rats. In contrast, 1 g of estrogen was not significantly different from ovariectomy or vehicle, suggesting there is a steep dose-response relationship between the plasma estrogen concentration and visceral sensitivity. However, at estrogen levels similar to those in normal cycling rats, the present data clearly indicate that estrogen increases colorectal sensitivity.
This conclusion is further supported by the sensitization experiment. The vmr in male rats is sensitized by repetitive noxious, but not innocuous, CRD (Ness and Gebhart, 1988 ; Traub et al., ). The present data show no sensitization to repetitive innocuous CRD in ovariectomized or cycling rats. However, after estrogen replacement, the vmr to innocuous CRD was sensitized. Similarly, repetitive colonic balloon distention induced rectal hyperalgesia in IBS patients but not control subjects (Munakata et al., 1997) (but see Ness et al., 1990) , and thresholds to painful distention are lower in IBS patients compared with healthy controls (Ritchie, 1973; Mertz et al., 1995) . Because IBS is most prevalent in premenopausal women, one hypothesis is that gonadal hormones increase sensitivity. The present data show that estrogen increases sensitivity to acute innocuous and noxious stimuli. It remains to be determined whether repetitive innocuous CRD in estrogen-treated rats becomes noxious with repeated stimulation, but the increase in sensitivity measured with the vmr suggests that estrogen, along with other factors, might contribute to the hypersensitivity associated with IBS.
Estrogen modulates sensory processing in the spinal cord
The results from the present in vivo electrophysiology experiment indicate that estrogen modulates the response of a subpopulation of CRD-responsive neurons in the dorsal horn, providing a mechanism for the behavioral changes observed in the vmr study.
Although the vmr data demonstrate that estrogen modulates reflex responses to CRD, it does not identify the central site of action. Estrogen receptors are present in dorsal horn neurons (Amandusson et al., 1995 (Amandusson et al., , 1996 VanderHorst et al., 1997 VanderHorst et al., , 2001 Williams et al., 1997a,b; Papka et al., 2001) , providing an anatomical basis for estrogen modulation of viscerosensory processing at the level of the dorsal horn. Furthermore, the time course of variation of the plasma estrogen concentration and neuronal activity are closely correlated, supporting a facilitatory effect of estrogen in colorectal sensory processing.
The activity of ABRUPT and SUSTAINED CRD-responsive dorsal horn neurons are differentially modulated by -and -opioid receptor agonists, as well as AMPA receptor antagonists (Ness and Gebhart, 1989; Al-Chaer et al., 1996; Ji and Traub, 2002a) . In addition, colonic inflammation selectively increases the response of SUSTAINED neurons to CRD but has minimal effect on ABRUPT neurons (Ness and Gebhart, 2000) . These data suggest that ABRUPT and SUSTAINED neurons are functionally distinct (but see Olivar et al., 2000) . In the present study, the facilitatory effect of estrogen was observed solely in the ABRUPT neurons; SUSTAINED neurons were not affected by estrogen. The reason for the differential effect of estrogen on the two populations of CRD-responsive neurons is not clear. It is tempting to speculate that estrogen receptors are localized preferentially within an excitatory circuit activating ABRUPT, but not SUS-TAINED, neurons. Alternatively, if estrogen receptors are confined or mainly colocalized to inhibitory interneurons (Amandusson et al., 1996 (Amandusson et al., , 1999 , a pattern of inhibition and disinhibition may differentially modulate ABRUPT and SUS-TAINED neurons.
Potential mechanisms
There are several possible mechanisms to account for estrogen increasing colorectal sensitivity. Considerable evidence suggests that steroids modulate neuronal excitability through interaction with neurotransmitter receptors, including NMDA, non-NMDA, GABA, and opioid receptors (Majewska, 1992; Paul and Purdy, 1992; Gu and Moss, 1996; Micevych et al., 1997; Foy et al., 1999; Rupprecht and Holsboer, 1999) . For example, both NMDA and non-NMDA receptors modulate the spinal responses to innocuous and noxious colonic stimuli in male rats (Zhai and Traub, 1999; Traub, 2001, 2002a; Traub et al., 2002b) . Studies in our laboratory show a rightward shift of the doseresponse curve to intrathecal administration of an NMDA receptor antagonist on the vmr in estrogen-treated rats compared with ovariectomized rats, suggesting enhanced NMDA receptor activity in the spinal cord in the presence of estrogen . One hypothesis to account for the effect of estrogen in the spinal cord is direct activation of the protein tyrosine kinase Src, which phosphorylates the NMDA receptor, thereby increasing activity (Gazzaley et al., 1996; Woolley et al., 1997; Salter, 1998; Foy et al., 1999; Bi et al., 2000; Migliaccio et al., 2000; Ali and Salter, 2001; Migliaccio et al., 2002; Nilsen et al., 2002) . Alternatively, estrogen may modulate descending inhibition on spinal dorsal horn neurons from the supraspinal sites or alter inhibitory processing in the spinal cord (Amandusson et al., 1996 (Amandusson et al., , 1999 VanderHorst et al., 2002) . Estrogen also reportedly decreased the binding of NMDA and AMPA receptors in certain brain areas, such as the frontal cortex and the nucleus accumbens, which are involved in modulation of pain perception (Bushnell et al., 1999; Cyr et al., 2001; Magnusson and Martin, 2002) . Short-term treatment with estrogen in ovariectomized rats also decreased the number of opioid binding sites in the brain, decreasing the analgesic effects of morphine (Berglund et al., 1988; Weiland and Wise, 1990; Ratka and Simpkins, 1991) . Finally, lumbosacral dorsal root ganglion neurons are immunoreactive for estrogen receptor-␣/␤ (McNeill et al., 1991; Sohrabji et al., 1994; Taleghany et al., 1999; Papka et al., 2001; Papka and Storey-Workley, 2002) , and patch-clamp recording from trigeminal ganglion neurons suggests that estrogen treatment increases the excitability of trigeminal ganglion neurons (Flake and Gold, 2002) . Determination of which of these mechanism(s) contribute to the present observations are currently underway.
In summary, the present behavioral and electrophysiological studies clearly demonstrate that estrogen has a significant role in modulating viscerosensitivity. The loss of gonadal hormones decreases sensitivity, and estrogen replacement leads to recovery and some hypersensitivity. The increase in the response of dorsal horn neurons implicates increased processing in the spinal cord sensory system. These data further suggest that alterations in sensory processing in the spinal cord mediated by estrogen may underlie symptoms of IBS.
